The applied fields in previous studies of goethite's magnetic properties were often not sufficiently high to reach reversible magnetization behaviour of the hard magnetic iron oxide (α-FeOOH). Existing data of its magnetic anisotropy constant are fairly scattered that hampers the further development of more elaborate models of remanence acquisition, magnetic susceptibility behaviour or trends in microcoercivity. Classic rock magnetic properties (magnetization of remanence M r , saturation magnetization M s and coercive force B c ) and the first anisotropy constant K on six goethite natural crystals have been determined at room and low temperature using hysteresis up to 9 T. After a detailed analysis of the magnetic properties of the samples, a mean value of K = 90 ± 20 Jm −3 has been evaluated at room temperature and K = 210 ± 40 Jm −3 at 5 K for pure goethite.
I N T RO D U C T I O N
Goethite is an antiferromagnetic iron-oxy-hydroxide (α-FeOOH) that crystallizes in the orthorhombic system. Goethite crystals are made out of smaller crystallites of which magnetic properties are coupled by the interaction between crystallites (Mørup 1990; Coey et al. 1995) .
Over the last century, goethite has been identified in soils and sediments on Earth (e.g. Evans & Heller 2003) and on the Martian surface (Bibring et al. 2007) . The presence and preservation of goethite is an indicator of the soil conditions of formation and/or burial history (Balsam et al. 2004) . Additionally, it has been shown to carry a stable remanent magnetization often related to secondary processes such as weathering and therefore it can carry paleomagnetic stable directions of secondary character (e.g. Banerjee 1970; Dekkers & Rochette 1992; Özdemir & Dunlop 1996) . Thus there is a strong interest in its magnetic and physical properties. The basic magnetic properties of synthetic and natural goethite have been studied in detail (Dekkers 1988; Dekkers 1989a Dekkers , 1989b Rochette & Fillion 1989; Dekkers 1990; Liu et al. 2006) . However, the high magnetic fields required to reach reversible behaviour makes it difficult to evaluate coercivity and derived properties (Coey et al. 1995; Maher et al. 2004; Rochette et al. 2005) .
Micromagnetic models, theories of acquisition of magnetic remanence or studies of orientation of magnetic particles require a precise evaluation of the first magnetic anisotropy constant (K). Most of the values reported for K in goethite particles have been determined by Mössbauer spectrometry at low temperatures from 4 to 80 K (Meagher et al. 1986; Pankhurst & Pollard 1990; ) and a few estimations at room temperature (Coey et al. 1995; Madsen et al. 2009 ). However, they are one order of magnitude higher than the only available values determined by magnetic techniques (Dekkers 1989b) .
This work reports the first anisotropy constant of eleven goethite crystals by DC magnetometry techniques, using fields up to 9 T where the reversibility of the hysteresis loops has been observed. Samples have been measured along the crystallographic c-axis, which is the easy magnetization direction. The hysteresis loops are expected to resemble a square loop in a uniaxial magnetic model with the easy axes statistically oriented along the direction of measurement.
S A M P L E S A N D M E T H O D S
Eleven samples from six different natural crystals of goethite from Morocco have been measured to determine the first anisotropy constant. The average size of the samples is about 2 cm in length. Crystals are elongated along the crystallographic c-axis, which is the direction of minimum susceptibility and confers goethite an inverse AMS fabric Özdemir & Dunlop 1996) . Each crystal has been subdivided into two samples were magnetic hysteresis at two temperatures and low temperature remanence cycling have been carried out. Additionally, from each crystal, one small chip was cut to carry out thermomagnetic analysis. Also some mg of powder was prepared from which X-ray diffraction, Al, Ni, Co, Mn and Fe content based on mass spectrometry was determined at the Research Assistance Spectrometry Center from the UCM Diffractrograms were determined on a X'Pert MPD (MultiPurpose Diffractometer manufactured by Philips) equipped with Thermomagnetic analysis was performed on a Variable Force Translation Balance High-sensitivity Magnetometer (manufactured by Petersen Instrument). Samples were heated to 700
• C and cooled to room temperature in air at a rate of 10
• C min −1 . A field of 1 T was applied parallel to the crystallographic c-axis. The Néel temperature has been determined from the peak in the warming curve.
Hysteresis curves were determined at 300 and 5 K up to 9 T using a Physical Property Measurement System (PPMS) Magnetometer (manufactured by Quantum Design). The residual field of the instrument is always lower than 1.2 mT. Since a reversible state was reached between 3 and 4 T, some room-temperature hysteresis loops were measured up to 7 T to avoid unnecessarily forcing the instrument at the highest field. Remanent saturation magnetization (M r ) was calculated from the hysteresis loop as the magnetization at zero field (ZFC). Magnetization (M s ) and coercive force (B c ) were computed after high field slope correction. The first anisotropy constant of goethite has been computed according to a uniaxial anisotropy model with the easy axis aligned with the applied field, with K = M s B c /2 due to magnetization rotation (Morrish 1965; Cullity 1972) . The formula, proposed initially for single domain (SD) grains (e.g. Stacey & Banerjee 1974) was latter also applied to larger grain were thehysteresis loops reach the reversible stage fully aligning the magnetization domains (Cullity 1972; Dekkers 1989b; Coey et al. 1995) . This approach is similar to the calculations reported by Dekkers (1989b) and Coey et al. (1995) .
The only difference is that here the saturation is measured whereas Dekkers (1989b) reported data the saturation state is extrapolated from the measurements.
Additionally, low temperature magnetization curves were measured with the PPMS magnetometer to identify the presence of hematite when concentration is too low to be detected by X-ray diffraction. Hematite is visible through the magnetic phase transition (Morin transition) at approximately 250 K (Morin 1950) . At this temperature the spin structure changes from being confined within the basal plane to lying along the c-axis. Samples were cooled to 5 K in zero-field then warmed up to 400 K in a 100 mT field (ZFC curve). Subsequently, samples were cooled again to 5 K in a field of 1 and warmed up to 350 K in a 100 mT field (FC curve). Both ZFC and FC curves were measured in 4 K temperature steps. The maximum temperature reached was always below the transformation of goethite, which starts at 525 K (Francombre & Rooksby 1959) .
R E S U LT S

Compositional analysis
X-ray diffraction confirms goethite as the main phase where the most prominent peaks from goethite have been identified with respected standard values (SLICE data file 01-081-0462). The powder used for the analysis has not been randomized and therefore broadening of the diffractograms lines can only be used as a pseudo-quantitative analysis of the crystallite size. Based on that, only sample GT5 shows a larger broadening of the spectrum that can be attributed a smaller crystallite size. The rest of the samples have very similar spectra. The presence of traces of hematite was revealed in four of the crystals with minor peaks slightly above the background signal (Table 1) . Thermomagnetic curves allow the determination of the Néel temperature (T N ) of the goethite phases (Table 1 and Fig. 1 ). All the samples show very similar behaviour, identical to already reported thermoremanent curves on goethite single crystals (Özdemir & Dunlop 1996) . The mean value of T N = 102
• C is within the range of reported values (Szytuza et al. 1966; Özdemir & Dunlop 1996) . Only sample GT3 has a value slightly lower. -9000 -6000 -3000 0 3000 6000 9000 There are no significant variations in the Al, Ni, Co, Mn and Fe content between samples, only a larger value of the Mn content in samples were no hematite has been detected. The content of Al, a substituting cation that influences the magnetic properties of goethite (Liu et al. 2006) , is almost constant (Table 1) . Contrary to reported values based on Mossbauer spectroscopy (Pollard et al. 1991) , the magnetic anisotropy is not influence by the Al content.
A drop in magnetization is also observed in the range of 250-400
• C (Fig. 1) , which is attributed to the α-FeOOH dehydration that produces α-Fe 2 O 3 in air (Francombre & Rooksby 1959; Dekkers 1988; Özdemir & Dunlop 1996) . Finally, a total magnetization loss in the sample occurs at approximately 680
• C (Fig. 1) , which is related to the Néel temperature of the newly formed hematite and the original hematite (Pollard et al. 1991; e.g. Dunlop &Özdemir 1997) . It is difficult to distinguish between original and newly formed hematite, from a mass viewpoint the newly formed hematite will dominate but its magnetic moment is very, very small (e.g. Dunlop 1972; Dekkers 1990 ).
Low temperature remanence measurements
Samples can be classified into two groups according to the ZFC and FC curves. Samples where no evidence of hematite has been detected show a temperature-independent FC curve with increasing temperature and an increase in the ZFC curves with increasing temperature (Fig. 2a) . Since no magnetic phase transition is observed, the derivative of the FC curve has no remarkable features (Fig. 2a) . The second group shows evidence for hematite. Fig. 2(b) shows the ZFC and FC curves and the derivative of the FC, which exhibit a sharp increase in the magnetization crossing the magnetic phase transition associated to hematite, the Morin Transition (T M ) (Morin 1950) . Table 1 summarizes the Morin transition in the samples where it has been observed, determined from the derivate of the FC curve. It compares well with reported data in the literature (Ozdemir et al. 2008) . In general the results tend toward the lower limit, suggesting a small size of the hematite inclusions (Ozdemir et al. 2008 and references therein) and/or a pronounced ellipsoidal or rhombohedral shape (Mitra et al. 2009 ).
Room temperature hysteresis
Hysteresis loops reach the reversible state at fields ranging from 2 to 3 T (Fig. 2c and Table 2 ). Standard rock magnetic parameters derived from the hysteresis loops have the following mean value M s = 0.31 ± 0.03 Am 2 kg −1 and B c = 160 ± 40 mT. Both saturation magnetization and coercivity are consistent with reported values for goethite by magnetic methods (Hedley 1971; Dekkers 1989b; Dunlop &Özdemir 1997) that samples are well-oriented along the crystallographic c-axis, the magnetic easy axis. The derived first anisotropy constant is well grouped (Table 2 and Fig. 3 ) and consistent with reported values of natural goethite fractions (Dekkers 1989b) . A mean value of K = 90 ± 20 Jm −3 has been evaluated for the pure goethite samples.
Low temperature hysteresis
Hysteresis loops reach the reversible state at fields ranging from 2 to 3 T, but in general at fields slightly higher than the corresponding room-temperature curves ( Fig. 2d and Table 1) . M s has a mean value of M s = 0.28 ± 0.08 Am 2 kg −1 . B c has a large scatter but when only the pure samples are considered an statistically significan mean value can be computed with B c = 340 ± 20 mT. Both M r and M s decrease whereas the coercivity B c increases at 5 K. The B c , or shift of the hysteresis with respect to the vertical axes is related to the presence of exchange bias (Nogues & Schuller 1999) . It is due to the intimate intergrown goethite and hematite or interaction between the weak ferromagnetic and antiferromagnetic phases of defective goethite (Barrero et al. 2006) . This phenomenon can be neglected at room temperature because the obtained values are lower than the residual field of the instrument (1.2 mT). The hysteresis loops shows a significant shift with respect to the vertical axis (Table 2) for samples where hematite has been detected by other methods. This result suggests that origin is due to the presence of hematite and not interaction between ferromagnetic and antiferromagnetic phases.
The first anisotropy constant (K) has a large scatter ( Table 2) . The values can be divided in two groups, one group of four samples with well grouped and slightly higher than values at room temperature and the other group with higher values (Fig. 3) . The first group coincides with samples where hematite has not been detected and therefore the scatter present in the second group is associated to the existence of hematite ( Table 2 ). The mean value computed for samples with no evidences of hematite is 210 ± 40 Jm −3 at 5 K, smaller than the lower limit of 8000 Jm −3 estimated at 4.2 K by Coey et al. (1995) .
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D I S C U S S I O N A N D C O N C L U S I O N S
Rock magnetic properties
The thermomagnetic curves shows that there are variations in the Néel temperature that can be attributed to vacancy defects (Bocquet & Kennedy 1992) or substitution (Pollard et al. 1991) . The possibility of differences in the crystallite size can be excluded because the only sample where X-ray diffractograms show a broadening in the lines is GT5, which has a T N = 119
• C. The sample with lower Neel temperature is GT3 and can be attributed to a larger Mn content. The presence of Mn into the goethite lattice has been suggested to lower the Neel temperature, but the mechanism is not well known (Vempati et al. 1991) . A third possibility could be an excess of water content, which also has been reported to low the Neel temperature (Betancur et al. 2004; Barrero et al. 2006) . Further analysis using mass loss techniques would be required to prove this third hypothesis.
The inflection point associated with the dehydration reaction of goethite within reported values. The starting point starts at temperature between 200 and 220
• C. This ranges has been reported to be influence by crystallinity, substitutions and water content (Dekkers 1990) . However the final temperature is in all samples at about 400
• C, therefore no information about crystallites size and/or water can be inferred from the thermomagnetic curves. The temperature at which the reaction starts has been found to be independent of the heating rate (repeating the experiment in 40 and 10
• C min −1 rate gives the same T range).
The M r /M s ratio is very close to 1, confirming the c-axis alignment and validity of the uniaxial model of magnetic anisotropy (Cullity 1972) . It the material is supposed to be purely antiferromagnetic, the hysteresis loop will be a squared loop and M r /M s = 1. The deviation angle can be attributed to a missorientation effect. Assuming M r /M s = cos(θ) the deviation angle can be estimated for the measurement giving a mean value of 24
• at room temperature. However, this effect does not seem to be the only reason because when the same model is proposed to the low temperature measurements, the angle can reach 80
• . Other authors have reported that goethite orders in a non-collinear four sublattice of antiferromagnetic structure, with a canting angle of 13
• (Coey et al. 1995) . The ordering of the magnetic domain structures and the deviation from the pure uniaxial model of magnetic anisotropy is suggested to contribute to this effect.
This work is based on the empirical result of reversible behaviour of the magnetic hysteresis reached at 2-3 T. This result is in apparent inconsistency with the hard remanent magnetization of some natural goethite samples and goethite rich sediments, which failed reaching saturation at 57 T (Rochette et al. 2005) or 9 T (Walden et al. 2000) . However the difference in crystallite size and thus zero-field domain state is at the root of the apparent inconsistency. It has been shown that a strong relationship between grain size and magnetic properties exist for goethite. The underlying idea is that not only grain size but also the interaction between goethite crystallites and their size (Dekkers 1989b) .
Low temperature ZFC-FC curves detect the presence of a magnetic transition in the range of 200-250 K, which has been attributed to hematite Morin transition (Morin 1950) . The values are slightly lower than the standard 250 K (c.f., Dunlop &Özdemir 1997) . However it has been shown that Morin transition decreases with decreasing grain size until it is reached a minimum size of 20 nm in which it is suppressed (Jacob & Khadar 2010) . This suggests that the hematite particles grown in the goethite crystals are of very small size.
Anisotropy constant
A mean value of 90 ± 20 Jm −3 has been determined for the magnetic anisotropy constant at room temperature using only those samples where no hematite has been detected. This estimation is two orders of magnitude smaller than that based on Mössbauer spectroscopy, which is approximately 5×10 4 Jm −3 (Pankhurst & Pollard 1990; Coey et al. 1995; Madsen et al. 2009 ). The obtained values agree with previously reported values based on hysteresis parameters (Dekkers 1989b) . The main advantage of our results with respect to previous data is that we ensure we have reached reversible behaviour, therefore we can assume a purely uniaxial hysteresis loop. Previously reported data use the estimation of K for SD particles extrapolated to the reversible state. Here the reversible state is measured empirically. Deviations between the measured and extrapolated values might be a reason for the differences. Independently of the method used, our data lie on the larger grain size fraction, compatible with the expected domain structure of a macroscopic crystal.
The mean value of the first anisotropy constant at low temperature for the pure goethite samples is K = 210 ± 40 Jm −3 . Few authors have reported low temperature estimations of the anisotropy constant based on magnetometry measurements, but a value of 8 × 10 3 Jm −3 has been considered a lower limit boundary using this technique (Coey et al. 1995) . From our measurements an increase in the anisotropy constant is observed, which is also observed in Mössbauer estimations despite the different obtained value (Madsen et al. 2009 ).
The origin of the discrepancy lies in the different relaxation times associated with Mössbauer and magnetometry. The timescale for a Mössbauer experiment on goethite samples is in the order of ∼10 −8 s and a correlation time for the nucleus fluctuation of 10 −11 to 10 −12 s . However, the timescale for a magnetic hysteresis experiment is in the order of 10-100 s and the relaxation time can be considered as 10 −9 s, which is atomic reorganization time (Dunlop &Özdemir 1997) . This is the underlying reason for the disagreement between the two techniques. For this reason, when models of magnetization acquisition, FORC diagram description or micromagnetic models are presented on goethite or goethite bearing rocks, the corresponding K value obtained by magnetic methods must be used.
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